ABSTRACT Multiple-input-multiple-output (MIMO) techniques have recently demonstrated significant potentials in visible light communications (VLC), as they can overcome the modulation bandwidth limitation and provide substantial improvement in terms of spectral efficiency and link reliability. However, MIMO systems typically suffer from inter-channel interference, which causes severe degradation to the system performance. In this paper, we propose a novel optical adaptive precoding (OAP) scheme for the downlink of MIMO VLC systems, which exploits the knowledge of transmitted symbols to enhance the effective signal-to-interference-plus-noise ratio. Furthermore, we derive bit-error-rate expressions for the proposed OAP scheme under perfect and outdated channel state information (CSI). Our results demonstrate that the proposed scheme is more robust to both CSI error and channel correlation, compared to conventional channel inversion precoding. These results are expected to provide useful insights in the effective design and efficient operation of VLC networks.
I. INTRODUCTION
With the explosive growth of broadband applications and Internet services, the consumer demands for seamless mobile data connectivity increase rapidly. Given that the majority of wireless data traffic is generated indoors [1] , service providers are constantly looking for innovative solutions to provide robust indoor wireless coverage. In this context, the concept of small cells and heterogeneous networks has been proposed as a potential solution to this problem. Nevertheless, the imminent shortage of radio frequency (RF) resources at large, along with the evidenced spectral efficiency saturation, has revealed the need for larger bandwidth and spectral relief.
To address some of the aforementioned challenges, visible light communication (VLC) has recently emerged as a promising solution to support and complement traditional RF communication systems, owing to its capability to overcome the currently witnessed scarcity of the radio spectrum resources. To this effect, VLC is an optical wireless communication (OWC) paradigm [2] - [4] that is opening a new pathway for connecting indoor users to the Internet by practically unlocking the untapped electromagnetic spectrum in the visible light region [5] - [7] . The interest in this technology is driven by several factors as it offers high degree of spatial reuse, enhanced communication security and increased energy efficiency. Moreover, unlike RF signals, VLC does not interfere with electromagnetic radiations, which makes it safe to use in places with high electromagnetic interference (EMI), such as hospitals and industrial plants [8] , [9] .
VLC uses light emitting diodes (LEDs) as transmitters and photo detectors (PDs) as receivers. Due to the relatively high modulation bandwidth of the LEDs, the amplitude of the optical signals can be modulated at sufficiently high switching rate that cannot be perceived by the human eye. As a result, the illumination function of the LEDs is not affected. This process is known as intensity modulation (IM), and it is feasible due to the incoherent light emitted by the LEDs, where photons have different wavelengths and phases, unlike coherent light sources such as lasers. At the receiver site, direct detection (DD) of the arriving signals is performed to convert the received optical signal into electric current. It is recalled that direct detection is substantially simpler than coherent detection used in RF, where an oscillator is required to extract the baseband signal from the carrier. Also, the diameters of the PDs are typically several hundred times the wavelength of light signals and thus, spatial multi-path interference is mitigated by the integrating effect at the PDs' surfaces [10] - [12] .
It has been recently shown that multiple-input-multipleoutput (MIMO) systems can contribute towards enhancing the spectral efficiency of indoor VLC systems and networks [13] - [18] and the references therein. Motivated by the fact that indoor spaces are typically equipped by multiple LEDs, several optical MIMO techniques have been devised to facilitate high data rate transmission over VLC channels [18] . Yet, the implementation of MIMO schemes in multi-user (MU) scenarios creates MU interference, which has a detrimental impact on the overall system performance. Hence, interference mitigation techniques are needed, of which transmit precoding that constitutes an effective interference cancellation method for downlink transmissions [19] .
Various transmit precoding schemes have been recently proposed aiming to eliminate the incurred inter-channel interference (ICI) in indoor MU-MIMO VLC systems [20] , [21] . Motivated by this, in the present contribution we propose a design framework for a novel and effective optical adaptive precoding (OAP) scheme. Specifically, unlike most existing approaches, where precoding is employed to completely eliminate interference, the proposed precoder exploits the knowledge of constructive interference between spatial streams in order to enhance the overall system performance. This scheme is based on on-off keying (OOK) modulation, which is widely considered in VLC systems [22] . Note that a similar concept was considered in the context of radio frequency (RF) MIMO networks [23] , [24] , where it led to performance gains compared to conventional channel inversion (CI) precoding. It is evident that OAP is particularly suitable in the context of VLC systems for the following reasons:
• The channel coefficients in indoor VLC remain constant, unless a change in the user position occurs. Thus, given that the indoor mobility velocity is relatively low, we can assume that the precoder calculation can be performed once per symbol, which leads to lower complexity overhead, compared to conventional RF systems.
• Optical channels are real and positive, which allows the estimation of the received interference, based only on the transmitted symbols. Hence, adaptive precoding in VLC becomes robust to channel state information (CSI) errors.
• Given that ICI is not completely eliminated, the high correlation between the optical subchannels is practically beneficial, when the transmitted symbols are equal. To the best of our knowledge, this is the first work that proposes the exploitation of constructive interference to enhance the performance of VLC systems. In addition, it quantifies the impact of outdated CSI which results from the movement of indoor users in the proximity of the LEDs, leading to erroneous generation of the precoding matrix at the transmitter and, thus, to inaccurate detection at the receiver [25] . The contribution of the present paper is summarized below:
• We propose an optical adaptive precoding scheme that utilizes the knowledge of the transmitted symbols to constructively correlate the interference in an indoor MU-MIMO VLC downlink network.
• We investigate the bit-error-rate (BER) performance of the proposed scheme assuming perfect and outdated CSI, where we derive a closed-form expression for the former and an upper bound for the latter.
• We provide extensive simulation results to verify the validity of the derived analytic expressions and extract useful insights on the performance of the proposed scheme under different realistic scenarios.
• We show that the fundamental classification of interference into constructive and destructive is independent of CSI. The remainder of the paper is organized as follows: Section II introduces the system and channel model of MU-MIMO VLC. Section III presents the conventional channel inversion and the proposed OAP, along with the corresponding BER analysis for both schemes under perfect and outdated CSI. The respective numerical results are presented in Section IV, while closing remarks are provided in Section V.
II. SYSTEM AND CHANNEL MODEL A. SYSTEM MODEL
We consider a generic VLC system [26] with N T transmitting LEDs and N R receiving PDs, with N T = N R = N , as illustrated in Fig. 1 . N T independent data streams are simultaneously transmitted, and the N R PDs may correspond to single or multi users with no impact on the presented analysis. Based on this, the received signal can be represented as
where y ∈ R N ×1 and x ∈ R N ×1 are the received and transmitted signal vectors, respectively, DC is the DC bias matrix added to ensure that the transmitted signal is positive, n ∈ R N ×1 is the noise vector and the square matrix H ∈ R N ×N represents the MIMO channel, namely
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where h ij D and h ij I indicate the desired and interference channel paths, respectively. Hence, the received signal at the i th PD can be expressed as
where γ is the detector responsivity, P is the LED transmitting power, h T i denotes the i th row in H and x is the transmitted signal. Also, n i represents the receiver noise with statistically independent and identically distributed entries drawn from a circularly-symmetric Gaussian distribution of zero mean and variance, namely denoting the variances of the shot noise and the thermal noise, respectively. The shot noise variance at the i th PD can be expressed as
where q is the electronic charge, B is the bandwidth, I bg is background current, and I 2 is the noise bandwidth factor [27] . Moreover, the thermal noise is generated within the transimpedance receiver circuitry, and its variance can be determined by
In (6), k is Boltzmann's constant, T k is the absolute temperature, G is the open-loop voltage gain, A i is the PD area, η is the fixed capacitance of the PD per unit area, is the fieldeffect transistor (FET) channel noise factor, g m is the FET transconductance, and I 3 = 0.0868 is weighting function that depends on the input optical pulse shape [27] . Based on the above, the corresponding signal-tointerference-plus-noise ratio (SINR) at the i th PD is expressed as
which constitutes a core metric in VLC systems and networks.
B. CHANNEL MODEL
A line of sight (LOS) VLC channel is naturally assumed and the coefficients of the channel matrix H are given by
where i = 1, 2, 3, . . . , N , j = 1, 2, 3, . . . , N , A i denotes the receiver PD area, d ij is the distance between j th transmitting LED and i th receiving PD, ϕ ij is the angle of emergence with respect to the transmitter axis, φ ij is the angle of incidence with respect to the receiver axis, φ c is the field of view (FOV) of the PD, T s (φ ij ) is the gain of optical filter and g(φ ij ) is the gain of the optical concentrator, which is expressed as
where n denotes the corresponding refractive index. Moreover,
denotes the Lambertian radiant intensity of the transmitting LEDs, where
with ϕ 1/2 representing the corresponding transmitter semiangle at half power [27] .
C. OUTDATED CSI
Although the indoor VLC channel is considered deterministic for given transmitter-receiver specifications and fixed locations, the assumption of perfect CSI at the transmitters is not in fact realistic. This is because the mobility of users in indoor places, such as museums, libraries or large offices, can change the channel coefficients of the users. Thus, it is evident that if VOLUME 6, 2018 this change occurs between CSI updates, it results to outdated CSI error. Based on this, in order to quantify and develop insights on the effect of imperfect CSI on the performance of VLC systems, we assume additive stochastic error for the CSI at the transmitter, namelŷ
In the above,ĥ ij denotes the estimate of h ij available at the transmitter and o ≤ E, with E denoting the error bound that occurs when the mobile user moves with maximum velocity between the reception of channel update and data signals [25] . In order to determine the value of E, we substitute (9) and (10) into (8) . Also, we substitute cos ϕ i with z/d ij , where z denotes the height between the LEDs' and the PDs' planes, which is assumed to be fixed. It follows that the corresponding channel gain h ij can be expressed as
where
FIGURE 2. Outdated CSI due to user mobility.
Assuming that a user U i moves along the horizontal plane from (x 1 , y 1 ) to (x 2 , y 2 ), with maximum velocity v max as illustrated in Fig. 2 , the error bound E can be determined by
where d 1 and d 2 denote d ij at the locations (x 1 , y 1 ) and (x 2 , y 2 ), respectively, calculated as
and
where l max is the maximum displacement that the user can move between two channel updates, and t denotes the time elapsed since the last CSI update at the receiver.
III. LINEAR PRECODING FOR MU-MIMO VLC
It is recalled that the main objective of transmit precoding is to mitigate the ICI between the different users, in order to establish parallel channels. In the following, we discuss the design of CI precoding in MU-MIMO VLC systems. Then, it is shown that exploiting the knowledge of the ICI, results to benefits from the constructive part of this interference that ultimately lead to considerable performance enhancement.
A. CONVENTIONAL CHANNEL INVERSION PRECODING
CI precoding is a relatively simple approach to eliminate ICI in MIMO downlink communications and it results to independent subchannels for each receiving terminal. This can be achieved by multiplying the transmitted signal with a precoder W ∈ R N ×N , which is obtained by means of the generalized inverse of the channel matrix, namely
where the * symbol denotes Hermitian transpose and
is a scaling factor that ensures instantaneous normalization of the transmit power [23] . Based on this, the inversion of the channel crosscorrelation matrix R = HH * in (19) nulls all the off-diagonal components, which results to interference free subchannels. Based on this, the received signal at PD i , i = 1, 2, . . . , N after removing the DC bias is given by
and the signal-to-noise ratio (SNR) at the i th PD can be represented as
where w i denotes the i th column vector in W. Nevertheless, this leads to significant noise enhancement at the receiving PDs, which constitutes the main limitation of CI precoding. Consequently, the normalized overall achievable throughput of the MIMO VLC system can be expressed as:
1) CI BER PERFORMANCE UNDER PERFECT CSI
The error probability at the i th PD can be expressed as (24) where N (µ, σ 2 ) denotes the probability density function (PDF) of Gaussian distribution with mean µ and variance σ 2 . It is evident that (24) can be expressed in terms of the one dimensional Gaussian Q−function, Q(·), yielding
2) CI BER PERFORMANCE UNDER OUTDATED CSI
Assuming outdated CSI which results from the mobility of users between consecutive CSI updates, the calculated precoding matrix does not lead to perfect cancellation of the destructive interference. As a result, the received signal at PD i , i = 1, 2, . . . , N after removing the DC bias is represented as
where ϒ ∈ R N ×N is the residual error matrix, due to the movement of a user between two channel updates, namely
Accordingly, the error probability at the i th PD can be upper bounded by (28), at the bottom of this page, where,ŵ k is the k th column vector inŴ, that is determined based on the estimateĤ = H+E, with E denoting the error bound. Finally, δ sk is in
where the rows of ∈ R 2 N ×N demonstrate the possible combinations of the transmitted OOK symbols from the N transmitting LEDs at any bit duration.
B. OPTICAL ADAPTIVE PRECODING
It is evident that when the interference between the different users is constructive, not all off-diagonal components of H need to be nulled. Thus, eliminating only the destructive interference can provide diversity gain for the receivers to avert from the noise enhancement effect. We refer to this as optical adaptive precoding (OAP). More specifically, the constructive interference denotes the ICI that adds to the energy of the symbol of interest, yielding favorable increase in its distance from the constellation thresholds. By also considering OOK and recalling that the channel matrix H in VLC is always positive, it follows that ICI is constructive when the instantaneous symbols are equal. Thus, using the knowledge of transmitted data, the interference can be evaluated symbol by symbol and a constructive adaptive matrix T can be constructed as shown in Algorithm 1, where the the new adaptive precoding matrix W d = W.T consists of a fixed user-level precoding matrix W, which is calculated based on the channel gains of the individual users, as well as a symbol-level adaptive precoding matrix T that only depends on the symbols to be transmitted to each user. This ultimately allows the cancellation of the interference signals that carry different transmitted bits with respect to the receiving terminal, while keeping the signals that carry the same information bit. Furthermore, since the values of T are either zeros or ones, we can use the same scaling factor as in (20 It is evident that the received signal at each PD is a summation of its desired signal and the signals of the LEDs with constructive ICI. Based on this, the received signal at PD i , i = 1, 2, . . . , N after removing the DC bias is represented as
where w d j is the j th column vector in the adaptive precoding matrix W d , and G(i) is the group of LEDs from which PD i receives the desired data and the constructive ICI, which is in fact entirely wasted in conventional CI. Based on this, it follows that the corresponding instantaneous SNR can now be expressed as
Pr
Consequently, the normalized overall achievable throughput of the MIMO VLC system under OAP can be expressed as:
1) OAP BER PERFORMANCE UNDER PERFECT CSI
The error probability at the i th PD can be expressed by (33), at the bottom of this page, which can be expressed in closedform in terms of the one dimensional Gaussian Q−function.
2) OAP BER PERFORMANCE UNDER OUTDATED CSI
By following the same methodology as in the case of CI, it follows that the BER of OAP under outdated CSI, can be upper bounded by the inequality in (35), at the bottom of this page.
C. COMPLEXITY ANALYSIS
In order to determine the complexity overhead associated with the proposed OAP scheme, we calculate the total number of operations involved in the construction of the conventional CI precoding matrix and in the proposed OAP. As shown in Table 1 , OAP adds relative complexity overhead of
As shown in the next section, the trade-off between performance and complexity is favourable for OAP.
IV. NUMERICAL AND SIMULATION RESULTS
In this section, we analyze the corresponding results for the conventional CI and the proposed adaptive precoding. This is realized by both analytic (solid lines) and respective computer simulation (markers) results. To this end, we consider a 4.0m × 4.0m × 3.0m indoor room scenario and an indicative 4 × 4 MIMO setup with different LEDs' spacing on the x-and y-axis of 0.25m, 0.5m and 1.0m. 1 The corresponding channel gains across the room for the three different setups are shown in Fig. 3 for a receiver plane z = 0.75 m. Also, the locations of the users are assumed to be fixed and aligned with their respective transmitters and unless otherwise specified, the system parameters in Table 2 are used in the computer simulations. Fig. 4 illustrates the BER of CI and OAP for the three considered scenarios. It is shown that the proposed OAP outperforms the conventional CI regardless of the transmitters spacing. In fact, it is noticed that CI requires 1 It is noted here that the considered specifications are indicative of a practical application in realistic indoor environments, while the proposed results are generic and not subject to any physical dimensional restrictions. an SNR increase of about 8 dB to achieve the BER of the OAP counterpart. Furthermore, the highest error rate occurs at the smallest spacing, which is due to the highly correlated links that increase the severity of the noise enhancement induced at the receivers. It is also shown that the analytical and simulation results are in tight agreement, which verifies the validity of the derived analytic expressions. Next, we investigate the effect of changing the transmitters semi-angle at half power, ϕ 1/2 , where fixed transmitters spacing of 1.0m is assumed. Larger ϕ 1/2 alleviates the transmitted beam concentration. In the case of conventional CI, this has a detrimental effect on the system performance for two reasons: i) it reduces the channel gains of the users leading to lower received power; and ii) it increases the ICI that needs to be cancelled, which practically creates more noise enhancement at the receivers. Fig. 5 demonstrates the performance degradation of CI when larger transmitting angles are used, which indicates that the effect of increasing ϕ 1/2 is less significant in the case of adaptive precoding. This is mainly because the effect of the reduction of the channel gains of the users is offset by the constructive interference that adds to the SNR at the receivers. Fig. 6 illustrates the effect of outdated CSI on the system performance, where the proposed error bound is computed assuming maximum velocity of users between two channel updates, v = 0.2 m/s. It is evident that adaptive precoding is more robust to CSI error, especially in the low SNR region. On the contrary, the effect of imperfect CSI becomes more significant at high SNR as the noise is no longer dominating, and thus channel uncertainty becomes a limiting factor.
In the following, we examine the performance of the VLC MIMO system under different number of transmitting LEDs. To this end, Fig. 7 shows the BER performance for 2×2, 4×4 and 8 × 8 MIMO configurations. As expected, the BER performance degrades as the number of transmitters increases, which is due to the severity of the noise enhancement caused by the high correlation between the spatial subchannels. It is VOLUME 6, 2018 evident that OAP provides noticeable performance enhancement compared to conventional CI for the different MIMO configurations.
V. CONCLUSIONS
In this paper, the knowledge of transmitted data was exploited to design a low-complexity adaptive precoder based on channel inversion. The presented analysis and respective simulations showed that the proposed precoding scheme provides considerable performance enhancement compared to conventional channel inversion. In this context, it was shown that the concept of adaptive precoding creates new opportunities in VLC systems, as the classification of interference into constructive and destructive is independent of CSI due to the nature of the optical channel. Future work will attempt extensions to higher-order modulations, which is a non-trivial task as it requires a thorough design of the precoding matrix. 
